We consider the problem of routing and rate assignment with p-cycle protection for mixed line rate (MLR) networks that are limited by transmission reaches. The problem is formulated mathematically as integer linear programming (ILP) problems under two different assumptions. First, we consider using each p-cycle to protect working lightpaths at common fixed line rate, and refers to this case as the fixed cycle rate (FCR) approach. We then perform comparative study between the FCR approach and the mixed cycle rate (MCR) approach, which is the second case and allows each p-cycle to protect working lightpaths with various rates. The objective of each ILP problem is to minimize the overall cost function, which consists of transponder operating cost, as primary costs and p-cycle operating costs, as secondary costs. Number results show that the MCR approach yields lower cost and is more efficient as the traffic increase when compared the FCR approach. In addition, we compare the use of MLR networks to the use of single line rate (SLR) networks to verify that MLR networks yield lower costs.
I Introduction
Nowadays, the transmission reach of each channel in a commercial wavelength division multiplexing (WDM) network is up to 10-40 Gb/s, and is becoming 100 Gb/s in the near future. The transparent optical networks that support high bit rates will become necessary for a large amount of traffic. However, signal impairment can be limited by the transmission distance to what is a transmission reach [1] . In general, a transmission reach reduces with an increase of the bit rate. Therefore, increasing the transmission rate or channel capacity from 10 Gb/s to 40/100 Gb/s involve a trade-off between capacity and transmission reach. According to [2] , the transmission reaches for 10 Gb/s (NRZ-OOK), 40 Gb/s (DQPSK) and 100 Gb/s (PDM-QPSK) are 3200, 2200 and 1800 km. respectively. Recently, for optical backbone networks, mixed line rate (MLR) networks have been explored to support different rates on different channels on the same fibers to achieve cost efficiency in an optical network, and to exploit the volume discount [3] of 40 Gb/s and 100 Gb/s transponder, in the networks
In an optical network [4] , the failure of even a single lightpath can lead to huge data loss. This problem is quite significant if lightpath are migrated to 40/100 Gb/s. Hence, protection in an MLR network is important. Commonly used protection approaches are classified into dedicated [5] and shared protection [6] . Recently, the p-cycle approach has been demonstrated to be attractive for optical network that offer fast protection and an efficient use of backup capacity. Using shared backup link protection, p-cycles allow multiple lightpaths that have a common link to share backup capacity for that link [7] . However, p-cycle was initially investigated on single line arte (SLR) optical networks that have all wavelength channels operate at the same rate. In [8] , p-cycles are considered for MLR networks, where transmission bit rates can be rearranged to reduce the cost of transponders and backup capacity. However [8] , does not consider transmission reaches in MLR network designs with p-cycles. The lack of consideration of transmission reaches is the key motivation of our efforts to propose an optimization framework for MLR networks with p-cycle protection that is limited by transmission reach constraints.
In this paper, we solve the problem of routing and rate assignment for an MLR network with p-cycle protection that is limited by transmission reaches. More specfically, we formulate ILP problem under the assumption that each p-cycle can only protect working lightpaths operating at same common transmission rate. This case is refered to as fixed cycle rate (FCR) case. We then perform a comparative study between the FCR and mixed cycle rate (MCR) approaches, where the objective of MLR is to reduce the networks cost further by allowing each p-cycle to protect working lightpaths operating at different rates. The rest of this paper is organized as follows. Section II formulates the problem of rouing and rate assignment for MLR network with p-cycle protection. Section III provide illustrative result. Section IV conclude the paper.
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II Mathematical Problem Formulation
Given the physical topology and the traffic matrix, the logical topology can be set up as follows: (1) specfication of the lightpaths in term of their beginning and end nodes. (2) finding pyhsical links on which each lightpath traverses. (3) Given logical topology, traffic rouing between sources and destinations can be assigned over the established lightpaths [9] . Assume that a considered MLR networks can support any rate from 10,40 to 100 Gb/s. For simplicity, assume that network has single fiber on each physical link in each direction, and only a single failure can occur. The transmission bit rates are assigned by choosing transponders. Input parameters and desicion variables for the associated optimization problem are given below. 
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The objective function in (1) consists of total cost for transponders at various bit rates, as the primary cost and the number of p-cycles used, as the secondary cost. The constraint in (2) limits the traffic routed over lightpaths established on each logical link. The number of channels used by working lightpaths and backup capacities limited by fiber capacities in (3). The flow conservation constraints are expressed in (4) . The constraint in (5) guarantees that the number of working lightpaths that use link l at rate k r can be protected by p-cycles that are assigned to backup at rate k r . The above problem formulation assumes that each p-cycle can only protect multiple working lightpaths operating at a common rate. p-cycle protection under the MCR approach can be obtained from a modification of the above ILP formulation by replacing the constraint in (5) by the constraint below, which allows each p-cycle to protect working lightpaths at any rate as long as the tranmission reach constraint is satisfied. 3 3 , ' ' '
In both ILP formulations, the number of variables is M S n K M S C K + +
. The number of constraints (not including the integer constraints) is M L N S L K
. We used a free software package based on PuLP, GLPK, and Python to numerically solve each ILP problem.
III Results and Discussion
An integer programming problem is a mathematical optimization or feasibility program in which some or all of the variables are restricted to be integer. In many setting the term refers to integer linear programming (ILP), in which the objective function and constraint are linear. We then present and discuss illustrative results obtained from solving ILP problems for MLR network with FCR and MCR p-cycles, and compare with SLR netwrks also protected by p-cycles. We consider two network topologies as show in Fig.1 . We use 10 test traffic matrices on each network. The traffic demand between each node pair is assumed to be uniformly distributed. The costs of 10-Gb/s, 40-Gb/s and 100-Gb/s transponder are 1, 2.5 and 4.5 respectively [3] . The transmission reaches of transponders at 10, 40 and 100Gb/s are 3200, 2200 and 1800 km respectively [10] and assume that the number of wavelengths per fiber is equal to 128. To solve each ILP problem for routing and rate assignment (RRA), we use a 2-step approach: first to solve the routing problem and then to assign rates and p-cycles simultaneously. The reason for using a 2-step approach is to reduce the numerical complexity and computational time, so that we can get more results for our study. Fig 2 and 3 report the obtained optimal costs for networks 1 and 2 respectively. As the traffic grows, the cost reduction of MLR networks in comparison to SLR networks becomes significant. Note that SLR networks with 10 Gb/s cannot carry traffic from 8x onwards (in Fig. 2 ) and from 16x onwards (in Fig. 3) , because the number of wavelength channels are not enough to support the traffic. In addition, SLR 100 Gb/s cannot carry any traffic in Fig 2, because of transmission reach constraints. The results show that MLR networks with p-cycle protection are more cost effective when compared to SLR networks. However, the cost obtained for MLR networks with the FCR approach are close to those for MLR networks with the MCR approach. 
IV Summary
In this paper, we proposed a novel ILP formulation to solve the routing and rate assignment problem for MLR networks with p-cycle protection. The formulation aims to minimize the network cost defined in terms of the transponder costs and the number of p-cycles used. In using p-cycle protection, two separate cases are considered. In the FCR approach, each p-cycle can protect multiple lightpaths only if they operate at the same common rate. In the MCR approach, this restriction is removed. Numerical results show that MLR networks with p-cycle protection are more cost effective when compared to SLR networks, especially when the traffic amount grows large. However, the flexibility offered by the MCR approach for MLR networks, in comparison to the FCR approach, does not provide a significant cost reduction. 
